Purpose: The purpose of this study was to compare automated, motioncorrected, color-encoded (AMC) perfusion maps with qualitative visual analysis of adenosine stress cardiovascular magnetic resonance imaging for detection of flow-limiting stenoses. Materials and Methods: Myocardial perfusion measurements applying the standard adenosine stress imaging protocol and a saturation-recovery temporal generalized autocalibrating partially parallel acquisition (t-GRAPPA) turbo fast low angle shot (Turbo FLASH) magnetic resonance imaging sequence were performed in 25 patients using a 3.0-T MAGNETOM Skyra (Siemens Healthcare Sector, Erlangen, Germany). Perfusion studies were analyzed using AMC perfusion maps and qualitative visual analysis. Angiographically detected coronary artery (CA) stenoses greater than 75% or 50% or more with a myocardial perfusion reserve index less than 1.5 were considered as hemodynamically relevant. Diagnostic performance and time requirement for both methods were compared. Interobserver and intraobserver reliability were also assessed. Results: A total of 29 CA stenoses were included in the analysis. Sensitivity, specificity, positive predictive value, negative predictive value, and accuracy for detection of ischemia on a per-patient basis were comparable using the AMC perfusion maps compared to visual analysis. On a perYCA territory basis, the attribution of an ischemia to the respective vessel was facilitated using the AMC perfusion maps. Interobserver and intraobserver reliability were better for the AMC perfusion maps (concordance correlation coefficient, 0.94 and 0.93, respectively) compared to visual analysis (concordance correlation coefficient, 0.73 and 0.79, respectively). In addition, in comparison to visual analysis, the AMC perfusion maps were able to significantly reduce analysis time from 7.7 (3.1) to 3.2 (1.9) minutes (P G 0.0001). Conclusions: The AMC perfusion maps yielded a diagnostic performance on a per-patient and on a perYCA territory basis comparable with the visual analysis. Furthermore, this approach demonstrated higher interobserver and intraobserver reliability as well as a better time efficiency when compared to visual analysis.
F irst-pass perfusion cardiovascular magnetic resonance imaging (CMR) allows a noninvasive hemodynamic assessment with excellent results for the detection of coronary angiography (CA) disease (CAD) compared with conventional CA.
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In clinical routine practice, qualitative visual analysis, viewing adenosine stress and rest perfusion images side by side, is the most widespread evaluation method. The combination of quantitative stressrest perfusion and late gadolinium enhancement (LGE) enables detection of CAD with a sensitivity of 89% and a specificity of 87%. 5 However, the identification of perfusion deficits (PDs) using qualitative analysis is highly dependent on the observers and their experience. Therefore, more objective evaluation methods using quantitative 1, 6 or semiquantitative 7Y9 analysis have been investigated. Semiquantitative assessment determines the signal intensitytime curves for stress and rest perfusion for each myocardial segment and permits calculation of the myocardial perfusion reserve index (MPRI) . The MPRI analysis has demonstrated high accuracy compared to fractional flow reserve, determined by intracoronary flow wire measurements, 9 but has been shown to underestimate the myocardial blood flow compared to quantitative analysis. 10 Quantitative analysis allows the absolute quantification of myocardial blood flow in milliliter/gram/minute and the determination of the myocardial perfusion from the time-intensity curves of the myocardium arterial input function using deconvolution. 6 However, because of the extensive required postprocessing, quantitative 1, 6 and semiquantitative analysis 7Y9 are time-consuming; therefore, their use is mostly constrained to clinical studies.
Retrospective respiratory triggering for motion correction of time-resolved 2-dimensional perfusion measurements has recently been described for the kidney. 11 Now, a new postprocessing software has become available, generating voxelwise color-encoded upslope values on the basis of motion-corrected data, accounting for motion or breath-hold difficulty and requiring no user interaction. In contrast to previous quantitative 1, 6 and semiquantitative analysis 7Y9 approaches calculating the myocardial perfusion over groups of voxels within a myocardial segment, this approach enables, for the first time, the evaluation of the myocardial blood flow within a single voxel with the potential for a more reliable quantification of the extent and the location of the PD.
The aim of our pilot study was to compare these new automated, motion-corrected, color-encoded (AMC) perfusion maps with visual qualitative analysis of adenosine stress CMR in symptomatic patients for the detection of flow-limiting stenoses.
MATERIALS AND METHODS

Study Population
After institutional review board approval, 25 patients who were referred for elective CA were prospectively recruited between January 2011 and October 2011. 
Cardiovascular Magnetic Resonance Imaging
The patients underwent adenosine stress and rest perfusion using a 3.0-T MAGNETOM Skyra (Siemens Healthcare Sector, Erlangen, Germany) with an 18-element body matrix coil. During imaging, the patients were instructed to hold their breath as long as possible at the end of expiration.
For myocardial perfusion measurements, 3 short-axis slices in the basal, midventricular, and apical location to cover the American Heart Association segmental model (segments 1Y16) plus an additional 4-chamber view (segment 17) 12 were obtained. Pharmacological stress administering 140 Kg/kg of body weight (BW) more than 4 to 5 minutes under electrocardiographic monitoring was performed. After injection of 0.05-mmol/kg BW gadoterate meglumine (Dotarem, Guerbet, France) with a flow of 4 mL/s, perfusion images were obtained by using a saturation-recovery temporal generalized autocalibrating partially parallel acquisition (t-GRAPPA) turbo fast low angle shot (Turbo FLASH) magnetic resonance imaging sequence (field of view, 350 mm Â 350 mm; effective repetition time, 2.5 milliseconds; acquisition time, 190.5 milliseconds; echo time, 1.04 milliseconds; flip angle, 10 degrees; matrix, 192 Â 44; slice thickness, 7 mm; and in-plane resolution, 1.8 Â 2.4 Â 7 mm) with an acceleration factor of 3 acquiring 4 slices per heart cycle.
Ten minutes after the stress examination, a second bolus of 0.05-mmol/kg BW gadoterate meglumine was injected with a flow of 4 mL/s and the rest perfusion images were obtained with the same orientation and position as those of the stress perfusion images.
Late Gadolinium Enhancement
Then, another bolus of 0.1-mmol/kg BW gadoterate meglumine was given and the LGE images were acquired 10 minutes after the rest perfusion. An inversion time scout was performed to choose the optimal inversion time between 200 and 360 milliseconds. The LGE images were acquired using a phase-sensitive inversion recovery true fast imaging with steady state precession sequence 13 : field of view, 290 mm Â 260 mm; repetition time, 2.2 milliseconds; echo time, 1.1 milliseconds; flip angle, 50 degrees; matrix, 140 Â 192; slice thickness, 6 mm; and in-plane resolution, 1.4 Â 1.9 Â 6 mm.
Coronary Angiography
All patients underwent coronary angiography, with imaging acquired in multiple projections. If more than 1 CA stenosis was present within the same perfusion territory, the most severe stenosis was used.
14 Visual analysis estimation of stenosis severity, not quantitative coronary angiography, was used to categorize CA stenoses as less than 50%, 50% to 75%, or 75% or more. Significant disease was defined as 50% or more stenosis of a CA or major branches or bypass. The extent of CAD (angiographic 1-, 2-, or 3-vessel disease) was quantified using the number of vessels with 50% or more stenosis. A CA stenosis with an angiographic lumen reduction of 75% or more was considered hemodynamically significant. In patients with angiographic stenoses of intermediate severity (Q50% and G75%), the definition of the hemodynamic relevance was made on the basis of the MPRI determined by CMR. In these patients, an MPRI less than 1.5 was considered to be flow-limiting and, thus, hemodynamically relevant, 9 whereas an MPRI of 1.5 or more was regarded as hemodynamically nonrelevant. The coronary angiograms were analyzed by the consensus of 2 board-certified cardiologists with more than 10 years of experience in interventional cardiology who were unaware of the CMR results.
Image Analysis
For the visual analysis of PDs, the images for stress and rest perfusion were displayed side by side using the syngoARGUS Viewer, VD 11 (Siemens Healthcare Sector, Erlangen, Germany). An abnormal CMR study was defined by the presence of a PD during adenosine infusion persisting more than 5 images beyond the initial peak enhancement of the segment, which seemed almost normal. Myocardial ischemia was defined as a segment with a PD only at stress and no hyperenhancement at LGE. In segments with LGE less than 75% subtended by CA stenosis 50% or more, a PD only at stress was relevant if it exceeded the preexisting LGE. A myocardial scar was defined as a segment with a hyperenhancement at LGE. Myocardial segments were assigned to the 3 coronary arterial territories in accordance with the 17-segment segmentation model of the American Heart Association. For the AMC perfusion maps, voxelwise upslope values are encoded using a color look-up table. 15, 16 Details about AMC image registration, motion correction, and processing of pixel-based data are provided in Supplemental Appendix A1 (Supplemental Digital Content 1, http://links.lww.com/RLI/A80). All processing steps including motion correction, noise suppression, and map generation are implemented in the Image Calculation Environment (Siemens Healthcare Sector, Erlangen, Germany) of the CMR scanner providing automated data sets with no user interaction. The analysis of the AMC stress and rest perfusion maps was done offline on the MAGNETOM Skyra Multimodality Workplace (Siemens Healthcare Sector, Erlangen, Germany). According to the color look-up table, dark blue to black color indicates myocardial segments with reduced upslope values during myocardial perfusion and was therefore defined as abnormal.
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Analysis at random order on a per-patient basis and a per-CA territory basis was performed by a consensus of 2 readers blinded to the MPRI and CA results for the visual analysis and using the AMC perfusion maps.
The extent of the PD was graded with regard to its transmural extent using the visual analysis and the AMC perfusion maps (0, normal perfusion; transmural extent: G25%, 1; 25Y50%, 2; 950%Y75%, 3; and 975%, 4). As a global measure for the transmural PD, the transmural perfusion deficit index (TPDI) was calculated as the sum of all segmental transmurality scores divided by 17.
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For the interobserver reproducibility of TPDI, 2 blinded readers independently classified the extent of ischemia during the stress and rest perfusion using the AMC perfusion maps and the visual analysis. One of them repeated the analysis 3 months later to assess the intraobserver reproducibility.
The manual MPRI analysis was performed by means of a commercially available dedicated software tool (Dynamic Signal Analysis, Argus; Siemens Healthcare Sector). For each signal intensity-time curve, the foot point and the point of signal maximum were determined by the software. Both data points (foot point and signal maximum) were corrected interactively if necessary. The signal intensity-time curve of the left ventricular (LV) cavity served as the input function. The upslope values of all segments were divided by the upslope value of the signal intensity-time curve that is automatically generated by the Argus software in the LV cavity. The MPRI was calculated by dividing the upslope of the stress examination normalized to the upslope of the LV cavity by the corresponding segment's upslope value of the rest examination normalized to the upslope of the LV cavity [MPRI: upslope stress corrected /upslope rest corrected ]. 7 The manual semiquantitative MPRI analysis was performed by a third reader blinded to the results of the angiograms and the visual analysis.
To evaluate the influence of motion correction on the determination of the myocardial perfusion, the MPRI and the stress-rest TPDI were calculated for 10 randomly selected patients. These results were then compared with those obtained using the nonYmotion corrected data.
Analysis of LGE
The LGE images were analyzed visually, and bright segments from subendocardial to epicardial were classified as fibrotic because of myocardial infarction.
Image Quality
To determine image quality, the readers reviewed the images for the nonYcorrected stress and rest perfusion and LGE using a 5-point grading scale, with 1 as nondiagnostic; 2, severely impaired (severe artifacts, severe signal inhomogeneity); 3, moderately impaired (some artifacts, some signal inhomogeneity); 4, slightly impaired (very little artifacts, very little signal inhomogeneity); and 5, excellent.
Statistical Analysis
Continuous parameters are reported as mean (SD). Differences in the continuous parameters were assessed using a paired Student t test. Categorical variables were tested with the W 2 or the Fisher exact test. Receiver-operating characteristics (ROC) curve analysis was performed to compare the diagnostic performance of the visual analysis and the AMC perfusion maps to detect myocardial ischemia during adenosine stress. Sensitivity, specificity, accuracy, and predictive values were calculated according to standard formulae.
Intraobserver and interobserver reliability for stress-rest TPDI using the visual analysis or the AMC perfusion maps were assessed using the Lin concordance correlation coefficient (CCC) 18 and the method of Bland-Altman analysis.
19 P G 0.05 was considered to indicate a significant difference. All data analyses were performed using the Statistical Package for the Social Sciences for Windows 11.0.1 (SPSS, Inc).
Power calculation was performed on the first 10 participants [2-sided paired t test performed using the SAS, version 8.2 software (SAS Institute, Cary, NC)] to assess the sample sizes needed to establish a power of 90% (with > = 0.05) for differences in stressrest TPDI of 0.1 for the comparison of the visual analysis and the analysis using the AMC perfusion maps. According to this calculation, the number of participants needed was 18.
RESULTS
In our 25 patients, a total of 75 coronary arteries were examined. A normal coronary angiogram was found in 27 of the 75 coronary arteries (36%). In the remaining coronary arteries, 48 CA stenoses were detected: 3 of the 75 (4%) with an angiographic lumen reduction less than 50% and 45 of the 75 (60%) with an angiographic stenoses 50% or more. Table 2 displays the percentage of the LGE extent in the myocardial segments supplied by the 45 coronary arteries with stenoses of 50% or more.
Among the 45 coronary stenoses with a lumen reduction of 50% or more, a total of 19 presented with an angiographically significant CA stenoses of 75% or more and 22 coronary arteries presented with stenoses of angiographically intermediate severity (Q50% and G75%). Ten of the coronary arteries with angiographically intermediate stenoses revealed a reduced MPRI less than 1.5 determined by CMR in the myocardial segments subtended by this CA and were therefore classified as hemodynamically relevant. Twelve CA stenoses of intermediate angiographic severity had an MPRI of 1.5 or more and were therefore regarded as hemodynamically nonrelevant. Four CA stenoses supplied myocardial segments with an LGE of 75% or more and were therefore excluded from the analysis. In summary, 29 hemodynamically relevant CA stenoses were included in the analysis. Figure 1 provides an overview of the CA stenoses and their location.
Cardiovascular magnetic resonance imaging was successfully performed in all 25 patients, giving 400 myocardial segments that were analyzed by calculating the MPRI. The mean (SD) MPRI was 1.9 (0.7) (range, 0.5Y3.5). A total of 130 myocardial segments (32.5%) presented with an MPRI less than 1.5; the remaining 270 myocardial segments (67.5%) showed an MPRI of 1.5 or more. A significant inverse correlation was observed between the angiographically determined CA stenoses and the MPRI determined by CMR (r = j0.741; P G 0.0001; Fig. 2 ).
Reliability
When all stenoses were considered, the analysis using the AMC perfusion maps provided a slightly better sensitivity, positive predictive value (PPV), negative predictive value (NPV), and accuracy for the detection of hemodynamically significant CA stenoses when compared to the visual analysis (Table 3A) . Figures 3 to 6 demonstrate patient examples for the diagnosis of ischemia using AMC perfusion maps (Figs. 3Y6A, B ) and visual analysis (Figs. 3Y6C, D) . The ROC analysis revealed better diagnostic performance of the AMC perfusion maps as compared to visual analysis to identify hemodynamically relevant CA stenoses (area under the curve, 0.97 vs 0.83; P = 0.04; Fig. 7) . The attribution of an ischemic segment to the anatomic location of the hemodynamically relevant CA stenosis (Table 3B ) was also slightly superior using the AMC perfusion maps compared to visual analysis.
Reproducibility
The interobserver and intraobserver reproducibility were better for the AMC perfusion maps (CCC, 0.94 and 0.93, respectively) compared with the visual analysis (CCC, 0.73 and 0.79, respectively). The Bland-Altman plots of stress-rest TPDI between the 2 observers (P = 0.3) and at 2 different time points (P = 0.2) revealed a comparable mean bias for both methods, but the analysis using the AMC perfusion maps showed lower limits of agreement (Fig. 8) .
Workflow Impacts
The time requirement for the analysis of the first-pass perfusion using the AMC perfusion maps was found to be significantly reduced compared with the visual analysis and the calculation of the MPRI using noncorrected data [3.2 (1.9) minutes vs 7.7 (3.1) minutes (P G 0.0001) vs 19.0 (6.0) minutes (P G 0.0001), respectively].
Impact of Motion Correction on Image Analysis and Workflow
Because the analysis of the AMC perfusion maps is based on motion-corrected perfusion scans, we additionally analyzed the stressrest TPDI and the MPRI in 10 randomly selected patients and compared the results with those obtained using noncorrected data sets.
Comparison of the results of stress-rest TPDI between the noncorrected The basal stress perfusion image shows a dark-rim artifact (dark gray arrow), and the stress-induced PD of the septal and inferior septal midventricular and apical wall (white arrows) is much more difficult to detect by visual analysis. The LGE CMR (E) shows a scar of the anterior wall (gray arrows). Coronary angiographic findings (F) revealed reocclusion of the proximal LAD (white arrow), the cause of septal ischemia. and corrected data showed a significant linear correlation (r = 0.981; P G 0.001). The Bland-Altman plots revealed a low mean (j0.7) and narrow limits of agreement (upper limit of agreement, 1.9; lower limit of agreement, j3.3). Linear regression analysis for the MPRI calculated on the noncorrected and corrected data also indicated a significant correlation (r = 0.877; P G 0.0001). The Bland-Altman plots showed a low mean difference (j0.01) and narrow limits of agreement (upper limit of agreement, 0.82; lower limit of agreement, j0.85).
Application of motion-corrected data resulted in a significantly reduced time requirement from 19.0 (6.0) minutes to 14.1 (3.6) (P = 0.02) for the MPRI analysis because of improved automatic detection of the nadir and the point of the signal maximum.
Image Analysis and Artifacts
All images acquired were of sufficient quality for the analysis, and no images were excluded. On a 5-point scale, the mean (SD) image quality for stress perfusion, rest perfusion, and LGE accounted for 4.8 (0.4), 4.8 (0.4), and 4.8 (0.5), respectively. Stress-rest perfusion was mainly impaired by dark-rim artifacts 20 observed in 4 patients and ghosting artifacts detected in 2 patients. The LGE quality was affected by metal artifacts because of sternal cerclage after coronary artery bypasss graft (n = 3), chemical shift artifacts (n = 1), and frequency shift artifacts (n = 2).
DISCUSSION
Our results demonstrated, for the first time, that the detection of myocardial ischemia in patients with known CAD using AMC perfusion maps is feasible. Hemodynamically relevant CA stenoses could accurately be diagnosed using AMC perfusion maps in a routine clinical setting. The values for sensitivity, specificity, PPV, NPV, and accuracy on a per-patient basis were comparable to visual analysis, and the AMC perfusion maps also revealed a higher diagnostic performance on a perYCA territory basis. In addition, the results showed improved interobserver and intraobserver reliability. The time requirement was significantly reduced.
In our study, the AMC perfusion maps revealed a slightly better sensitivity, specificity, PPV, NPV, and accuracy compared with the visual analysis. Besides, the analysis on a perYCA territory basis also showed a trend toward higher sensitivities to attribute a PD to the left anterior descending (LAD) (63.6% vs 54.5%) or the left circumflex artery (LCX) territory (90.9% vs 63.6%) using the AMC perfusion maps. FIGURE 6. True-positive detection of myocardial ischemia using the AMC perfusion maps and the false-negative result by the visual analysis in a patient with intermediate CA stenoses. A patient presenting with a progressive angina on exertion at our outpatient clinic. Automated, motion-corrected, color-encoded perfusion maps of stress (A) versus rest perfusion (B). Stress perfusion showed a midventricular dark blue to dark green myocardial segment inferolaterally (white arrow), indicating myocardial ischemia in the LCX territory that was detected as true positive using the AMC perfusion maps. Visual analysis of stress (C) versus rest perfusion (D). The visual analysis of stress and rest perfusion did not reveal myocardial ischemia and therefore resulted in a false-negative result. The LGE did not show myocardial scar (E). Coronary angiographic findings (F) revealed a hemodynamically 75% ramus circumflex stenosis and a nonischemic 75% stenosis of the ramus diagonalis 1. Results for the visual analysis are in line with previously published data (see Supplemental Appendix A2, Supplemental Digital Content 2, http://links.lww.com/RLI/A81). Preliminary adenosine stress studies at 3.0 T yielded a sensitivity of 93% to 98% for detection of CAD. 21 In a study by Thomas et al, 22 the vessel-to-vessel analysis yielded the lowest sensitivities for detection of significant CAD in the LAD territory (sensitivity, 69%; specificity, 94%). The AMC perfusion maps evaluated in this study may represent a new alternative to analyze perfusion studies combining the precision of semiquantitative analysis with the simplicity of visual analysis. Our preliminary result using AMC perfusion maps additionally suggests that this approach could facilitate the attribution of an ischemia to the respective CA territory. However, the study was not powered for this comparison.
The clinical value of a specific analysis method is determined not only by its reliability but also by its reproducibility. The interobserver and intraobserver reliabilities to detect stress-rest TPDI using the AMC perfusion maps were higher as compared with the visual analysis. This is most probably caused by the easier detection of myocardial ischemia. First, AMC perfusion maps seem to be less prone to artifacts. Because of the automated motion correction, the main challenge of qualitative analysis representing cardiac and respiratory motion is minimized and facilitates the correct interpretation of data especially in patients with arrhythmia, in patients with asynchrony, or in those who are not able to breathe shallowly at peak exertion.
Second, AMC perfusion maps graphically display the peak signal intensities and therefore make it easier to detect hypoperfused myocardium. Third, AMC perfusion maps allow detection of areas of hypoperfusion by a simple quick assessment, whereas visual analysis requires detection of areas of hypoperfusion at stress lasting for more than 5 images beyond the initial peak enhancement, which requires more experience and time of the observer.
Many efforts have been made to optimize first-pass contrastenhanced CMR for the detection of myocardial ischemia with regard to accuracy and robustness 23, 24 since the initial description of this method by Atkinson et al. 25 However, postprocessing remained very time-consuming, limiting its application.
The AMC perfusion maps evaluated in this study may represent a new alternative to analyze perfusion studies combining the precision of semiquantitative analysis with the simplicity of visual analysis. Comparing stress-rest TPDI and MPRI in our study between noncorrected and corrected data showed a significant correlation. Therefore, we assume that motion correction has little impact either on the absolute myocardial perfusion expressed by the stress-rest TPDI or on the MPRI analysis.
Like in our study, a previous work by Wollny et al 26 using automated motion correction designed for free breathing also demonstrated improved intensity-time curves. In our study, the use of motion-corrected data improved the automatic determination of the nadir and the point of the signal maximum of the signal intensitytime curves by the software requiring less user interaction and therefore significantly reduced the time for the MPRI analysis.
Limitations
Limitations of the present study relate to the relatively small study cohort. However, the pilot study showed promising results that need to be confirmed in larger trials including patients with various degrees of CAD.
We did enroll patients with a very high probability of CAD (ie, those with already known CAD, previous myocardial infarction, and coronary artery bypasss graft), a referral bias that can raise test sensitivity and/or specificity. 27 However, this bias occurred for both analysis algorithms. Moreover, the examined patient population reflected best the patient population referred to adenosine stress perfusion CMR in our tertiary referral university hospital.
CONCLUSIONS
In our pilot study, the AMC perfusion maps yielded a diagnostic performance on a per-patient and on a perYcoronary artery territory basis comparable to visual analysis. Furthermore, it showed higher interobserver and intraoberserver reliability as well as a better time efficiency.
